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1.0 Introduction

—— v A —— — — ——— o —

The space station Critical Evaluation Task Force (CETF) which met at

the Langley Research Center August 23 through September 12, 1986,
identified alternate options toe the then-baselined Initial OUperating
Capacity (I0C) space station and its assembly sequence. Critical eval-
uation factors included the amount of EVA required for assembly and
maintenance of the station, launch capacity of the shuttle fleet as-
sembly sequence of the baseline configuration, any resultant impact of
alternate options to the utilization of the station and on international
partners, and overall technical performance and integrity of the station.

For the analysis described herein, five representative configurations
were selected from the various alternatives presented to the CETF, and
were examined to determine their vibration and attitude control char-
acteristics. These five represented a version of the currently baselined
dual keel as well as fouvr intermediate stages of assembly. Thus, the an-
alysis shows the changes that are likely to occur in the characteristics
of the svstem as the station progresses from 3 simple boom structure to
a mature duzl keel.

The purpose of this report is to describe the models which were devel-
oped and the results of the vibraticon and attitude control analyses.

2.0 Selected Configurations

——— - ——————— — —— ——— —————_— ——— ————

Because of the time constraints imposed by the CETF, completion of this
study required that the configurations to be modelled and analyzed be
selected prior to the taszk force finalizing the details of its recom-
mended options (see reference l)*x. The configurations presented herein,
though not identical to the specific option recommended by the CETF,

are sufficiently representative for the purpose of vibration and attitude
control analyvsis. Where a specific modelling decision was required, it
was done to produce a conservative result. The confiqurations studied

in this report are summarized below.

Configuration A& {(Boom with Photo-Voltaic power):

The major components of this configuration sppear in table

1 and can be seen on figure 1. It was evaluated to determine
its vibration modes with and without the shuttle attached.
When the structure is attached to the orbiter payload bay,
the situation is representative of the final stages of the
second assembly flight as described in reference 1.

The primary concern of this analysis relates to orbiter pay-
load requirements and orbiter attitude control with a large
truss structure attached (See Ref. 2 for a similar analysis).

* The CETF produced no referencable documentation. Most of the CETF
results have been baselined by the space station program and in-
corporated into the apprpopriate places in the documentation tree.
Reference 3 is one example of this proceszs.
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Configuration B (Boom with PV and U.S. Modules):

The components of this configuration are shown in table 1 and
the complete configuration appears on figure 2. It corresponds
approximately to the configuration that would be achieved after
the seventh flight of the assembly sequence recommended by the
CETF.

Configuration C (Configuration B with MSC and Solar Dynamic Power):

Configuration C contains the components shown in table 1, and
appears as shown on figure 3. It corresponds approximately to
the configuration which results from nine flights of the re-
commended CETF assembly sequence.

Configuration D (Configuration C with ESA and JEM Modules):

This configuration is identical to configuration C except for
the addition of the international modules. Table 1 and figure 4
shaw its major components, Configuration D corresponds approx-—
imately to the result of eleven flights of the recommended

CETF assembly sequence.

Configuration E (Reference Dual Keel) :

Configuration E includes all the major components in table 1

and is shown on figure S. It cleosely resembles the dual keel
configuration which served as the initial reference for the

CETF activity, and is also highly representative of the final
dual keel configuration which would result from sixteen flights
of the assembly sequence recommended by the CETF. However, con-
figuration E, like the initial reference configuration, includes
a back porch, whereas the final CETF dual keel did not. While
the presence of a back porch produces a stiffer structure, the
overall characteristics are similar enough to those of the final
CETF configuration that the results are valid and meaningful.




Table 1 :

Major Components of each Configuration

Configuration

i |

| |

I |
I J ! | ! ! |
| Configquration | £ | B ] c | D I E |
| ¢ Comp. Wt., ) | 1 ] I ! |
| | } ! I | |
| | | J | ! !
| PV Module ] X ] X { X | * | X |
I ( 10351 1bf ) | | ! | [ |
i I | I | | |
| 4 RCS Pods | X | X | X | X i X |
I ¢ 8420 1bf 1 | | J | I i
| | I ! | | I
| Radiator | X ! X | X | * i X !
' ( 4540 1bf 3 | ! | ] I |
! ! ! I | | !
I Module Cluster| i X ] X I o ] X |
| ¢ 12200 1lbf ) | i I I I i
I ] | ! ! | |
| SAAX0251 I J X ! X { * ! X I
| 232 1bf ! I | | I |
| | I j i | !
| TOMX2421 | t X | X ! X | X I
| 4020 1bf 3 | ! ! | ] I
I I ! | | ! !
I MsC | ! ! X | X | *® |
} ¢ 10800 1bf 2 | I ! ! | |
! ] | | | | |
| Sclar Dvnamic | | ! X I X ! X I
| Collectors | | ! | J I
I 23350 1bf ) | | { { | ]
I I I | [ { |
I ES& Module ! I I | ¥ | X !
i ¢ 43000 lbf ) | I f ! I I
| ! I ! | ! I
| JEM Module | | | i X ! X ]
I ¢ 68190 1lbf ) | I | f I |
! | | I | | |
|  Back Porch I | ! I ! X |
I 1373 1bf 3 | | I | I I
I I f | ] | !
} Dual Keels | ! | | | x* ]
I | ! ! | i |
Notes 1. Configurations A and B have only one Radiator, while C,

-~

D, and E have two.
The Module Cluster includes

LOG module,

and one Cupols.

[A]

the US LAE and HAB modules,
fore and aft nodes, 2 tunnels,

a hvperbaric chamber,

the
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3.0 Method of Analysis

The five CETF configurations described above were analyzed in two
steps; the natural modes and frequencies of each configuration were
determined, and the results were used to evaluate the relative con-—
trollability characteristics of configurations B, C, D, and E. The
following sections describe the finite element models that were de-
veloped, as well as the specific approaches foliowed to determine the
vibraticon and attitude control characteristics of each configuration.

3.1 Finite Element Madels

Models of each of the five configurations were developed using the
SUPERTAB finite element modelling packags, and the vibration analysis
done with the MSC/NASTRAN finite element analvsis program. Each model
consisted of an appropriate number of truss bavs, with truss members
modelled as rode (axial stiffnessz only), and connected by oin joints
which were modelled as lumped masses. The phyvsical and material prop-
erties of the truss members represented the most up to date wvalues
available for actual proposed space station truss members.

Meet of the pavloads on =ach configuration were modeled as mass and
inertia only and were put in the appropriate position on the struct-
ure as indicated by the preliminary information from the CETF actiuv-
ity. However, the U5 HAE and LAB modules, the internaticnal modules,
the radiators, and the photo-vwoltaic booms were all modelled as beams
with bending, torsicnal and axial stiffnesses accurately represented.

Because of the requirements of the CETF to re—evaluate previous de-

cicsions, it was necessary to determine the dynamic characteristics of
the five confiqurations with both S meter and 2 foot truss baye ( zee
references 3 and 4 ). However, because of the time constraints it was
not pessible to develop 2 foot versiones of each model. Instesad, in an

effort to minimize the modelling effort and still produce meaningful

Wac

results to support the CETF decision making process, each S meter model
was modified to simulate the effective stiffnese of an identical 2 foot
model. This was accomplished by simply reducing the modulus of elasticity

for each truss member by a reduction factor. The reducticn factor for
this process was calculated 35 follows:

S metersz - 16.404 ft

Reduction Factor = ( 9 ft / 16.404 ft 1»%&2 = (0,301

Thus, by rmultiplving the modulus of each truss member by 0.301, the
system would exhibit the approximate bending and torsional stiffness
{ though not the axial stiffneses )} of a 9 foot bavw truss.

SRIGINAL PASE io
OF POOR QUALITY




3.2 Vibration Characteristics ORKRNAL RAGE.iS
————————————————————————————— OF POOR GUALITY

The aim of this analysis was to determine the changes in the natural
vibration characteristics of the space station as it grows from a single
trucs boom to a complete dual keel configuration. 1t was also deemed
necessary o re-evaluate the differences between 5 meter and 2 foot
truss bays. Thus, modes and frequencies were cbhtained for each of five
configurations with S5 meter bays, as well as with the equivalent stiff-
ness of 9 foot bays as described above. In addition, modes and fre-
quencies were calculated for configuration A with the shuttle attached
to one end of the boom, in order to determine the characteristice of the
system as the initial truse assembly procedure nears campletion. In this
case, the shuttle was modelled as mass and inertias only, and was rvigid-
ly attached to the end of the boom,

3.3 Attitude Control Characteristics

Analysis of attitude control followed the approach cutlined in NASA TM
87672 (Ref.4). Configurations B through E were evaluated for control-
lability about each of their three axes. The attitude contrcl loop is
shown schematically in the block diagram of fiqure 6 (Fig. 21 of Ref. 4).
As in Ref. 4, the dunamic response characteristice of the sensor package
and the CMG“s are not considersd. Hence, the sencsed attitude angles and
rates are exact, and the control moments produced by the CMG s are ex-—
actly those commanded. The controller used here is the compensated
proportional plus differential (PD) controller of Ref. 4. The form of
this controller is defined by the transfer function

Misubrve (s) K's + K

—— o — o ——— ——— —— i — " —— —— - —— o —

For the purposes of this study, the sencor was assumed to be co-located
with the Control Moment Gure [IMGI.

The reader is referred to the section ATTITUDE CONTROL SYSTEM STUDY of
reference 4 for a complete description of the attitude control analysis
methodology. The subsection "Control Law Compensation" presents the
compensated PD controller which was adapted for this study.

This controller was designed to give & bandwidth of 0.01Hz and 27.5%
damping ratic. This was trancsfered to the present models by adjusting
the gains of the controller of reference 4 in proaportion te the momeﬁts
of inertia of each configuration. WValues of the K and K’, the propor-
ticnal and differential gaine, and of p, the "break frequency" of the
first-order lag, uszed in this study are given in table 2. It should be
noted that for each configuration, identical gain values were used for
both the 9 foot and S meter bay sizes. This was done because the method
of simulating the stiffrness of the 9 foot bay size did not alter the
mass properties ( see section 3.1 ). Mcdal damping of 0.5 percent was
assumed for the space station truse structure.

L5



Bode’ plots constructed for each axis of each model were used to assess
the relative stability characteristics of each configuration. The Bode~
plots were constructed for the controller acting on the x-, y-, and
z—-axes of the space station, one at a time. No attempt was made to
assess the effects of cross—-axis coupling which may cccur when the
controllers act simultaneocusly, Similarly, no attempt was made to tune
the controller of reference 4 to the present structures except for the
proportional shift in gains already mentioned.

Table 2 : Controller Parameter Values

p = 0.0582

Feedback Gaine Used in each Configuration

| !
| J
| ]
! I | I |
| Configuration | Axis I K | K~
| | I ! !
| ! | | |
| B | X | 213,000, | 12,910,000, |
| | A ! 33,200, ! 1,398,000, ]
| | Z | 320,000, i 13,z00,000. |
I | I I |
! | I ! |
! c ] X I 1,138,000, | 45,900,000, !
| | Y | 45,900, | 1,894,000, |
| ! il | 1,136,000. | 4¢€,800,000, |
I | | | I
| i I | !
i o | X ] 1,147,000, | 47,300,000, I
| ] Y | 135,300. ] 5,580,000, !
I | yid | 1,225,000, | S0,300,000. |
! I ! I |
| | | | |
I E | X | 1,%22,000. | 72,300,000, |
] | b | 915,000, ] 37,700,000, !
] i Z ] 1,252,000, ! 1,600,000, ]
| I I ! |

10
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4.0 Discussion of Results

Table 3 shows the frequency of the first bending mode of the space
station boom for each of the assembly stages represented by config-—
urations A - E. In each case, the first bending mode of the boom was
the lowest true structural mode for the system, though in some in-
stances there were various appendage modes ( such as bending and tor-
sion of the solar arrays ) which appeared at lower frequencies. The
results shown in table 3 provide a good summary of the effects of ad-
ding truss and pavloads to the station, as well as the differences
between 5 meter and 9 foot truss bays.

As expected, the addition of large masses such as the shuttle, sclar dy-
namic collectors, and US and international modules to the structure, de-
creased the frequency significantly. It was only confiquration E, the ref-
erence dual keel, which showed an increase in boom bending frequency from
the previous confiquration. Also as expected, the structures with 5 meter
bavs exhibited a significantly higher frequency than the structures with
the equiv alent stiffness of 2 foot bavs.

Appendices A — E contain tables of mass properties, descriptions of
various vibration modes, and plots of representative modes shapes far
each of the five configurations.

4.2 Attitude Control Characteristics

The open loop gain -vs~ frequency portion of the Bode’ plots for config-
urations B through E are presented in appendices B through E respectively.
Results are presented for both 9 foot and S meter truse bay sizes in
figqures 1la and 1lb of each of these appendices. Although Bode’ analyses
were completed for each control axis of each configuraticon, only the
X—axis results are presented because the gain margins for the X-axis
controllers were consistently lower than for the cther axes (see table 4.
Minirum g9ain margins for the X-axis controllers were consistently ascsoc-—
iated with the first structursl mode of each configuration.

All configurations and truss bay sizes exhibited positive gain marqgins.
However, the 5 meter bay size structure consistently exhibited positive
gain marqgins approximately 10 dB higher than the 9 foot bay size.

In summary, .01 bandwidth compensated proporticonal plus differential con-
trollers exhibited stable performance on all axes of all truss bay sizes
of all configuraticens. The 5 meter bay size structure is more attractive,
however, because of its inherently higher stiffrnecss and higher gain mar-
gins.

12




Table 3 : First Boom Bending Frequency for Each Confiquration.

1=t Boom Bending Frequency (Hz)

| I

| 1
! ] | |
| Configuration | 5 Meter i 9 Foot | Total Wt.
| | ] I 1bf )
| | ! |
| | ! !
| i ! |
] A | 0.60 | 0.29 | 62,700
l | ! !
! | | !
| A ] 0.44 | .24 | 2%8,000
| w/Shuttle ! | !
I | ! |
| | | I
I B | 0.46 ! 0.24 | 209,000
! | ! |
! ! [ !
| C ] n.18 | a.10 | 251,000
I | | |
| I ! |
i o ! 0.17 I 0.10 | 367,000
| | ! !
| | | I
| E | 0,22 | 0.13 | 498,000
1 ] | |
Note : Shuttle weight = 225,000 lbf

13




Table 4 : Gain Margins and Associated Frequencies for each Configuration

9 Foot Bay Size 5 Meter Bay Size

| I |

I I ]

! ] |

] | | ! | | ! |
| Configuration | X | Y | Z | X ! Y | Z i
| | | | | I | i
! I } | ] i ] |
I ! | | | ] | !
| B : Boom w/PV | 22 dB | 35 dB | 23 dB | 30 dB | 43 dB | 33 dB |
| & US Modules | 0.24 Hz | 1.06 Hz | 0,24 Hz | 0.46 Hz | 1.4494 Hz | 0.60 Hz |
| | { 1 | | | !
| i i | i ! ! |
| C ¢ Boom w/PV, | 10 dB | 23 dB | 13 dB | 21 dB | 31 dB I 25 dB |
| 8D & US Mods ] 0,10 Hz | 0.13 Hz | 0.10 Hz | 0.18 Hz | 0.29 Hz | 0.18 Hz |
| ] | [ | | | |
] ! 1 | | ] ! !
| D : Boom wAsPV, | 10 dB | 21 d8 | 10 4d8 | 21 4dB | 30 dB 1 22 dB |
| 8D, US, & Inter.! 0.10 Hz | 0.10 Hz | 0.10 Hz |} 0.17 Hz | 0.17 Hz | 0.17 Hz |
| Modules J | | | | ] ]
! | ! | | ! | |
| | | l ] | ] !
| E : Reference | 17 dB | 18 dB | 20 dB | 26 dB | 30 dB | 292 dB |
| Dual Keel ! 0.13 Hz | 0.19 Hz | 0.14 Hz | 0.22 Hz | 0.33 Hz | 0.23 Hz |
! I | | | ! ] i
Notes : 1. Gain Margins correspond to a 0.01 Hz bandwidth and a 27.5% damping

ratic.
2. This aralvsis was not performed for configuration A ( Boom w/ PV ).
3. &See appendices B, C, D, and E for the minimum gain margin Bode

plots and associated mode shape plots.

14




5.0 Concluding Remarks

—— - ——— ———— - — —— — Tt " A - —

Vibration and attitude control analyses of several stages during buildup
of an I0C space station were conducted. Both 9 foot and S meter truss
bay sizes were investigated. All configurations analvzed were stable;
however, the 5 meter truss bay size structure exhibited superior stab-
ility characteristice.
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Table A-1 : Mass Properties for Configuration A

( Boom with Photo~Voltaic 3

Value

Property

Configuration A Confiquration A

wosshuttle Attached

Total Weight (lbf) 6.27 X 10%%4 2.98 X 10**5,
X ec.g. (in) -22.0 -5.0

T c.g. (in) lz0.0 1910.0

Z c.g9. (in) -3.0 -2.0

Ixx (in-1lbf—-sk%x2)

1.25 X 10%%11 3.84 X 10%x%11

Ixy (in-lbf-skx2)

-1.73 X 10%Xx9 7.84 X 10%kx9

Iyy (in~lbf-sk#2) 3.47 X 10%%11 3.85 X 10%%11
Iyz (in-lbf—skxZ) 2.33 X 10%%9 2.43 X 10%kk9

Ix

3]

{in=lbf—ckk2)

=-5.93 X 10%%9 3.80 X 10%%9

——— e - i — — —— ——— — a—— o ——— — . — it o— —— o —— — — —— ot o— s —— i — i e oty

Izz (in-lbf—-sk%2)

1.24 X 10%%11 4,13 X 10%%]11

Notes :

[\

C.G. measured from middle of center bay
Inertias taken about C.G.
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Configuration A

9 foot bay size
mode # 9, freq. = 0.29 Hz




Configuration A

5 meter bay size
mode # 17, freq. = 0.60 Hz




Configuration A

9 oot bay size
mode # 17, freq. = 0.39 Hz




Configuration A

5 meter bay size

mode # 22, freq. = 155 Hz
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Configuration A w/shuttle

9 toot bay size
mode # 10, freq. = 0.24 Hz

ORIGMNA! BRER-I5
OF POOR QUALITY

Shuttle attachment point



Configuration A w/shuttle

5 meter bay size
mode # 18, freq. = 0.44 Hz

Shuttle attachment point

A-10




Configuration A w/shuttle

9 foot bay size
mode # 19, freq. = 0.43 Hz

Shuttle attachment point

A-11




Configuration A w/shuttle

5 meter bay size
mode # 19, freq. = 0.55 Hz

Shuttle attachment point

A-12




APPENDIX B

Configuration B : Boom with Photo-voltaic & US Modules

1. Table B-1 : Mass properties
2, Table B-2 : List of frequencies for Configuration B
3. Figure B-1 : Minimum gain margin Bode plots

4, Selected mode shapes



s Properties for Configuration E

Table B-1 : Mas
( Boom with PV and UZ Modules )

FProperty Value

Total Weight (1bf) 2.09 ¥ 10%%S

¥ c.g. (in) 20.0
¥ c.Q. £1n2 -e&.0
Z c.g. (in} -172.0

Izvx {(in-lbf-ckk2)

Ixy (in-lbf-s#x2)

Ivy (in-lbf-gk42) 1.45 ¥ 10%&11

Ivz (in-1bf-g4k2) ~1.288 X 10#%D

Ixz {in-1lbf-ckk2) 2.04 X 10xk3

Izz (in-1lbf-s4x2) 1.40 ¥ 10%%11

I
|
|
!
I
I
I
|
{
I
!
|
I
l
I
|
!
I
!
|
!
I
!
|
I
!
f
!
I
!
!
I
!
!

Motes C.G. measured from middle of center bay

Inertias taken about C.G.

Py -




-$107d 3dVHS 3A0W 33S .

h8-1 he ¢C°1 (A4 (QYV09¥VviS)
‘A 1nogv NOIS¥OL
9/°1 +£0 90°1 + 10 L(140d) ‘A 1nody NOIS¥0L
-1 [A4 ¢8°0 0¢C (Z+ “X+)
-(N38 031407 ONC
90°T 61 ¢9°0 61 (Z- "X+)
-IN38 0314n0) ONC
093°0 VAl h¢-0 01 (Z+°%+) 9NIGNIE @31dN0J
9% -0 81 0¢°0 +b L(Z-°X+) 9NION3IE d31dN0J
grwl| sy [EeE |
0°0 | 9-1 0°0 9-1 AQ0og a191y
(ZW) -03¥4 | (S)YIAWNN 300W (7H) -03¥4 [ (S)¥IGWON 3A0W NOT1d1¥IS3d 300uW
4313 § 1004 6

STINGOW -S-N ANV Ad/M W00d

d NO11V¥N9IdINOD

12-1 314Vl



ZH “b93W0

10t o0l -01 »01 e-01
—dqqq——di 1 |1—ﬂ~_— —ﬂﬂ —A-—a~ﬂa |1 —uq—-_d T 1 aﬁl
J 001-
J
— 00—
J
— 08~
-
— 0%
I
— 02~
ap zz -
0
F .J
—02
10]d 2pog SIXD-X Tos

100f g ‘g uopInBuo) :

D]—¢ 24Nnbl

g0 *30N1INIBW NOILINNS ¥IJSNBYL




ZH “"493K0

101 o0t : -0l »01 e-01
T T T T T ALAREILE prTTT T T 021-
— 001~

— 08~

— 09~
— o
—{ -

-

T o
—0e

10]d apog SXb—-X o

110w G ‘g uolpnBifuo) : qr-g 24ndi]

80 *30N1IN9YW NOILINNS ¥34SNBil



Configuration B

9 foot bay size
mode # 9, freq. = 0.24 Hz




Configuration B

5 meter bay size
mode # 17, freq. = 0.46 Hz




Configuration B

9 foot bay size
mode # 21, freq. = 1.06 Hz




Configuration B

5 meter bay size
mode # 23, freq. = 1.76 Hz




APPENDIX C

Configuration C : Boom with Photo-voltaic, Solar Dynamic
& US Modules

1. Table C-1 : Mass properties

2. Table C-2 : List of frequencies for Configuration C

3. Figure C-1 : Minimum gain margin Bode plots

4. Selected mode shapes



Table C-1 : Mass Properties for Configuration C
( Boom with PV, SD and US Modules )

Property Yalue

Total Weight (1bf) 2.91 X 10%xx3

X c.g. (in) 15.0
Y c.g. (in) -7z.0
Z c.g9. (in) -123.0

Ixx (in-1lbf-skk2) 4,582 X 10%k11

Ixy {in=-lbf-ckk2) —S.583 X 10k%2

Iuy (in=-1lbf-s%%2) 1.2% X 104411

lvz (in-lhbf-skk2) =1.40 X 10%x2

f
|
]
!
[
I
f
|
]
!
I
|
!
!
I
I
!
!
|
I
|
|
I
I
!
!
i
!
I
!
I
I
|
!

Ixz (in-lbf-s&kZz) 2.80 X 10%%53
Izz (in-lbf-skk2) 4.81 ¥ 10%*x1l

Notes 1. C.G. measured from middle of center bay
2. Inertias taken abkout C.G.
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Configuration C

9 foot bay size
mode # 7, freq. = 0.10 Hz




Configuration C

5 meter bay size
mode # 7, freq.

0.18 Hz




Configuration C

9 foot bay size
mode # 25, freq. = 0.69 Hz




Configuration C

5 meter bay size
mode # 23, freq. = 0.82 Hz




APPENDIX D

Configuration D : Boom with Photo-voltaic, Solar Dynamic,
US and International Modules

1. Table D-1 : Mase properties
2. Table D-2 : List of frequencies for Configuration D

3., Figure D-1 : Minimum gain margin Bode plots

4. Selected mode shapes




Table D-1 : Mass Properties for Configuration D
{ Boom ws/PV, 5D, U5 and Inter. Modules )

Property Value

Total Weight (lbf) 3.67 X 10%*5

¥ oe.g. (in) -18.0

Y c.q. (in) -91.0

Z c.g. (im) ~-173.0

Iws (in-lbf-skk2) 4.86 X 10%k11
Ixy (in-lbf-skk2) 3.56 X 10%k3
Tyy (in-lbf-s&xzd 2.73 ¥ lo¥kll

e e e . —— m— —— —— W o+ - a—— T — e i m—— " i = e oty T o T — — — —
i et o  mmn v r i —" o W p— ot oo N n S it o W iy i O i i dv— T e S mam

Ivz (in-1lbf-sk*k2) 5.92 X 10%%9
Ixz (in-lbf-skkz) 2.57 ¥ 10%k9
Izz (in-1bf-sk*2) 5.19 ¥ 10%*11

Notes @ 1. C.5. measured from middle of center bay
2. Inertias taken about C.G,.
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Configuration D

9 foot bay size

mode # 7, freq. = 0.10 Hz




Configuration D

5 meter bay size
mode # 7, freq. = 0.17 Hz

O 6 T
RE "°°R wu.n




Configuration D

g foot bay size
mode # 13, freq. = 0.24 Hz




Configuration D

5 meter bay size
mode # 21, freq. = 0.40 Hz
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APPENDIX E

Configuration E : Reference Dual Keel

1. Table E~1 : Mass properties
2. Table E-2 : List of frequencies for Configuration E
3. Figure E-1 : Minimum gain margin Bode plots

4. Selected mode shapes




Table E-1 : Mass Properties for Configuration E
{ Reference Dual Keel )

! !
Property ! Yalue |
| |
i !
I !
Total Weight (lbf) | 4.3& X 10%*3 I
| !
! |
X c.g. (in) I -141.0 I
| !
! i
Y c.q. (in} : -103.0 |

{in) -130.0

N
n
0

Ixx (in=-lbf-skt)

Xy

H

Ia
-~

¥ 10%xll

Ixy (in-1lbf-~skk2) 3.33 X 10%%3

Ivy {in-1lbf-skk2)

vy
~J
[

e

15)2 (in=1lbf~skx*2)  10%*S

Ixz (in-lbf-ckk2) .0z XK 10%k9

Izz (in-~1lbf-s%k2) .30 10%%11

w
>

I
}
|
|
|
(
|
!
!
|
2.87 X 10%*11 I
|
!
!
|
!
|
{
J
|
!

Notes @ 1. C.G. measured from middle of center bay
2. Inertias taken about C.0G.
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Configuration E

9 foot bay size
mode # 7, freq. = 0.13 Hz
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Configuration E

5 meter bay size

mode # 7, freq. = 0.22 Hz
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Configuration E

9 foot bay size
mode # 8, freq. = 0.14 Hz




Configuration E

5 meter bay size

mode # 8, freq. = 0.23 Hz




Configuration E

9 foot bay size
mode # 12, freq. = 0.22 Hz
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Configuration E

5 meter bay size

mode # 21, freq. = 0.39 Hz
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